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INTRODUCTION 


This paper continues the program of measurement of linear com- 
pressions to 30,000 kg/cm’, for which results for 16 comparatively 
compressible substances have already been published.! The particu- 
lar object of these measurements is to obtain as accurately as possible 
the deviations of the compression from linearity with pressure. 
The substances measured formerly were relatively compressible; it 
was desired to now extend the measurements to less compressible 
substances. Formerly, measurements of sufficient accuracy for the 
purpose in hand did not put too stringent demands on the apparatus. 
Some 25 unsuccessful attempts showed, however, that the former 
apparatus was not adequate for many of the more incompressible 
substances, so that the first task in extending the measurements to 
such substances has been to refine the apparatus. 

The refinement of the apparatus proved to be a more serious under- 
taking than had been anticipated, and much time was spent in the 
preliminary work. Furthermore, more time was spent in the work 
of development than would otherwise have been necessary because of 
my preconception about the nature of the physical situation. This 
preconception was that the relation between linear dimensions and 
pressure for ordinary substances would be smooth and single valued, 
so that the smoothness of the results could be used as a criterion of the 
satisfactory functioning of the apparatus. After exhaustive checking, 
the conclusion seemed to be forced that for many substances the 
relation is not smooth, but there are small-scale irregularities charac- 
teristic of the particular substance, which can never be made to 
vanish. On reflection it is perhaps not unnatural that this should be 
the situation, when the magnitude of the pressures and the practical 
impossibility of obtaining any actual substance in a truly homogeneous 
condition are considered. That this is the case, however, makes 
much more difficult the task of obtaining truly significant values for 
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the second and higher order terms in the compression of the incom- 
pressible materials, and places the theoretical physicist who must use 
the experimental results under a corresponding embarrassment. 
The difficulty is greatest for the relatively hard materials of this paper, 
which are at the same time relatively incompressible. There is 
comparatively little uncertainty in the deviations from linearity of 
the softer materials, since for these materials the irregularities are 
small compared with the deviations from linearity. 

The materials measured in the following are in many cases the 
identical specimens which have previously been measured over a 
narrower pressure range, usually up to 12,000 kg/em*. A number of 
the elements, however, are of more recent origin. With the comple- 
tion of this paper nearly all the specimens of inorganic materials 
which were formerly measured in the range to 12,000 kg/cm? have 
now been measured in the range to 30,000. <A few of the former 
specimens were unavailable because of accidents of one sort or another. 

In the following the more compressible specimens were measured 
with the lever piezometer of the former paper, the new more sensitive 
piezometer not being adaptable for them. The dividing line is 
approximately at aluminum, all substances more compressible than 
this being measured with the former piezometer. The materials may 
be classified as elements (pure metals), alloys and intermetallic com- 
pounds, and minerals, many of them in the form of single crystals, and 
a few organic single crystals. 


THE APPARATUS AND METHOD 


, 


The new apparatus is the “lever piezometer”’ of my former work,” 
improved in two essential respects. In this apparatus the specimen 
rests against the short arm of a lever, the angular position of which 
alters when the relative dimensions of the specimen and the housing 
of the lever change under the differential compression brought about 
by the application of hydrostatic pressure to the fluid medium in 
which all parts of the apparatus are immersed. The motion of the 
long arm of the lever is measured in terms of the alteration of resist- 
ance of a wire attached to it and sliding over a cross wire attached to 
the housing. It is evident that the lever itself must be positive in its 
action, without backlash or other indefiniteness, and that the surface 
of the measuring wire and the cross wire must be smooth. The 
improvements consist in the use of a more uniform slide wire and in a 
better method of pivoting the lever. 

With regard to the wire, a simple consideration will indicate the 
degree of perfection required in the surface. The electrical param- 
eters of the potentiometer circuit with which the resistance of the 
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slide wire was measured were such that a relative shortening of 
2 X 10-* cm of specimen with respect to the housing could be de- 
tected. This corresponds to the effect of 10 kg/cm? on platinum. 
Since the magnifying power of the lever was about 10, this demands 
that there be no scratches or other surface imperfections as much as 
2 X 10-° em wide on the wire. Otherwise the readings will jump 
spasmodically when the scratch moves across the cross-wire. This 
of course presupposes that the material of the wire underneath its 
surface is uniform to a corresponding degree. In the former work 
the wire had been made of nichrome. This had been obtained from 
the manufacturer, The Driver Harris Company. Its diameter as 
purchased was 0.016 inch, and it was drawn down further to 0.013 
inch in several stages through special diamond dies. The wire so 
drawn was examined microscopically and calibrated electrically for 
uniformity, and the best portions used in the piezometer. This was 
sufficiently good for the former measurements. However, the surface 
of this wire disclosed blemishes under the microscope which could 
never be got rid of. In the attempt to eliminate them for the present 
work, the wire was subjected to various processes of preliminary 
polishing or grinding, some of them rather elaborate, before the final 
drawing, but without success. Finally, half a dozen different sorts of 
high resistance wire made by Driver Harris were examined to find if 
any were superior to nichrome. I am indebted to the manufacturers 
for selecting coils which were especially smooth. These wires were 
then further drawn in the machine shop of the laboratory from 0.014 
to 0.013 inches in a new diamond die specially made and polished for 
this work. This drawing was done in the lathe, by attaching the 
wire to the screw cutting feed, a device which I owe to the suggestion 
of my mechanic, Mr. Charles Chase. Drawing by hand is too jumpy 
and irregular. The wires so made were mounted in the calibrating 
device and their uniformity studied. Of the various alloys tried, 
“Tconel”’ or ““Nirex’’ proved the best and much superior to Nichrome. 
This alloy is composed of 13% Cr, 8% Fe, balance Ni. The various 
constants of this material, specific resistance and compressibility, 
were determined and found to be not far from those of nichrome, so 
that only minor changes were required in the various correction 
terms. Its temperature coefficient of resistance is also so small as to 
introduce no error under the conditions of use. 

The second major improvement concerns the pivoting of the lever. 
Formerly the lever rocked on two hardened steel points, pressed by a 
spring into a crater and notch. The points, of course, were really 
portions of spheres with finite radius and the bearing against crater 
or notch was on two tangents. The point of leverage was therefore 
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indefinite by a possible maximum of the distance of separation between 
the tangents. At the two points of contact angular motion neces- 
sarily involved surface slip and friction with resultant lack of perfect 
definiteness and reproducibility. The improvement consisted of 
replacing the steel points with a flat steel spring clamped between 
hardened clamps, as shown in Figure 1. Not only does the flat steel 
spring replace the former pivoting points, but it also eliminates the 
necessity for the spring by which the points were formerly maintained 
in contact with their seats. This improvement in design permits 
such an alteration of proportions that the multiplying power of the 
lever could be increased from approximately 5 to approximately 10. 
The flat spring in the final form was 0.007 inches thick; this thickness 
was arrived at by trial. The force exerted by this spring necessarily 
varies with the displacement of the lever. By measurement it was 
found that the maximum variation in the force at the end of the long 
arm, corresponding to the most compressible of any of the substances 
in the following, was from 2 to 6 ounces. Taking account of the 
multiplication and cross section of the specimen, this corresponds to 
a maximum change of 30 kg/cm? in the one-sided compressional 
force exerted on the specimen by the method of mounting; this is 
negligible compared with the maximum pressure of 30,000. 

The contact between the specimen and the short arm of the lever 
was still by a hardened steel “‘point’”’ resting in a hardened crater. 
To make this contact as definite as possible the “point”” was made in 
the form of the three-quarter portion of a sphere of radius .005 inch, 
made with a special tool and shown in Figure 2, highly polished. 

The full dimensions of the specimen taken by the piezometer were 
0.75 inches in length and 0.20 inches in diameter. For some speci- 
mens the diameter was reduced to 0.18. In some cases, particularly 
with single crystals of minerals, the full length was not available. In 
these cases a shorter specimen was used extended by a piece of Ameri- 
can ingot iron, the compression of which is known. 

The lever piezometer thus constructed was calibrated much as 
before. The short arm was moved a known distance with a Brown 
and Sharpe high-precision micrometer screw, cut on a specially large 
barrel and provided with a head graduated to 0.0001 inch and reading 
by estimation to 0.00001 inch. The multiplying power was deter- 
mined by measuring simultaneously the motion of the long arm with 
a suitably mounted microscope, and the changes in potentiometer 
setting due to the motion of the slide wire. The piezometer was 
mounted in a temperature bath for this purpose. These measure- 
ments established the sufficient uniformity of the slide wire and the 
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Figure 2. The ball contact for the specimen. 


linearity of the relation between motion of short arm and the slide 
wire. 

The calculations and corrections were essentially as before and 
need not be described further. Special measurements had to be 
made of the effect of pressure on resistance of Nirex and also of its 
compressibility. The latter will be described presently. The 
pressure coefficient of resistance, terminals attached to the wire, was 
— 2.82 X 10~’, pressure in kg/cm? units. 

Even after the major improvements had been effected, the piezom- 
eter did not at once function satisfactorily and some 20 preliminary 
runs were made incorporating various minor refinements. The most 
important of these was a three-point contact between the mounting 
and the block supporting the lower end of the specimen. This block 
contained a screw adjustment by which the absolute position of the 
specimen could be altered so as to bring into operation one or another 
part of the slide wire. It was established that there was no depend- 
ence of the pressure effects on the absolute setting on the wire. It 
was also necessary to so design the apparatus as to avoid all regions 
where liquid might be entrapped, as between the rounded end of the 
pivot and its seat; otherwise irregular effects were produced by non- 
hydrostatic components of stress. 

It has already been stated that irregularities persisted after all 
improvements; the outstanding irregularities were finally ascribed to 
the specimens themselves rather than the apparatus. A detailed 
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presentation of all the evidence on which this conviction rests would 
take too much space to be feasible. In brief, the argument rests on 
the discovery of patterns characteristic of the individual materials 
which persist through variations in the treatment given the specimen. 
Often these patterns were irregular, but the argument was much 
strengthened by the existence of substances with smooth patterns. 
Of special and decisive significance was the behavior of four different 
specimens of martensite with progressively different heat treatments. 
These all exhibited hysteresis loops, the readings not being single 
valued with pressure but lying on different curves for increasing and 
decreasing pressure. The individual points lie smoothly, within 
limits of 2 and 3 times the maximum sensitiveness of the potentiom- 
eter, on one or other branch of the hysteresis loop, and there is a 
consistent variation in the width of the loop with the heat treatment. 

It was a matter of extraordinary good fortune that soft iron itself 
is one of the substances which not only does not exhibit hysteresis 
but also for which the results are smooth. This smoothness is charac- 
teristic of several grades of iron investigated, namely American ingot 
iron, for which the fiducial absolute determination of compressibility 
has already been made,’ a single crystal of pure iron, and a pure 
carbonyl iron. The results for these three grades of iron were very 
close to each other. Since the piezometer itself is made of iron and 
since the measurements with the lever piezometer are all differential, 
it is obvious that irregularity in the iron itself would have seriously 
limited any information to be obtained. 

In addition to the characteristic patterns of minor deviation from 
linearity, irregular or smooth, a number of substances showed an 
entirely different sort of thing, namely cusps or breaks in the direc- 
tion of the tangent (transitions of the second kind) which have been 
found before for other more compressible substances‘ and which are 
doubtless of more fundamental physical significance. 

The results now follow. In most cases the irregularities are so 
small that the mean results are given, smoothing over the irregulari- 
ties, but with a statement of the nature of the irregularities including 
any consistent dependence on previous treatment of the specimen. 
Some quantitative indication is attempted of the magnitude of the 
irregularities by giving the average deviation of a single reading from 
a smooth curve. This is given in percentage of the total shortening of 
the specimen under the maximum pressure instead of as percentage of 
the differential shortening, as has been the practice in some previous 
papers. The present practice is obviously better adapted to the 
materials of this paper, which include substances with nearly the same 
compressibility as iron and therefore with a differential shortening 
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which on occasion may become vanishingly small. In general, a run 
consisted of 18 readings at regular pressure intervals with increasing 
and decreasing pressure, the decreasing readings being staggered 
between the increasing readings. Before the run the sample was 
seasoned by several applications and release of pressure. The season- 
ing routine was in almost all cases the same. Unless it is specially 
mentioned it is to be understood that the preliminary seasoning was 
by three applications of 30,000 kg/cm? at room temperature. 

The arrangement is: elements, alloys and intermetallic compounds, 
minerals, and organic crystals. Within each group the arrangement 
is by increasing compression under the maximum pressure. All 
measurements were made at room temperature, which varied from 
23° to 26°. In the measurements and calculations, one more sig- 
nificant figure was used than is retained in the tables. The results 
are reproduced by tabulating volume decrements, or decrements of 
length, at intervals of 5,000 kg/cm*. In view of the diversity of the 
results this seemed better than attempting to reproduce them by an 
analytical formula, although in many cases a second degree expression 
would have sufficed. In some cases, when the hysteresis pattern was 
especially prominent, the results with increasing and decreasing 
pressure separately are reproduced. ‘The volume decrements listed 
in the tables were calculated from the measured changes of length, 
retaining second-order terms. That is, for an isotropic substance, 


|AV/Vo| = 3 |Al/lo| { 1 — |Al/lo) } , 


with corresponding expressions for non-cubic crystals. 
THE RESULTS 


Elements 


Iridium. This material I owe to the courtesy of Baker and Com- 
pany, who fabricated it especially and loaned it to me for the measure- 
ments. The original slug was “worked from a sintered powder- 
metallurgy bar.’’ Baker and Company described the density of a 
bar so formed as “‘practically 100%.” It was 0.180 inches in diameter 
and 0.75 inches long; it was ground from the sintered slug. After 
receiving it the ends were trued flat and parallel by lapping. The 
results are given in Table I. The average deviation of a single read- 
ing from a smooth curve was 0.6 per cent of the shortening at the 
maximum. The irregularities showed no consistent pattern; in 
particular there was no appreciable hysteresis. It will be noticed 
that within the limits of error the relation between pressure and 
volume decrement is linear. The relation between change of length 
and pressure was, however, distinctly not linear, with curvature in 
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the ‘‘abnormal”’ direction, that is, a linear compression increasing 
more rapidly than linearly with pressure. The compression of Ir has 
been formerly measured’ to 12,000. The former compression at 
10,000 at 25°, using the 1940 compression of iron,® was .00268 against 
.00272 found now. 


Tungsten. Measurements were made on two specimens. One was 
drawn rod obtained in 1939 from the Fansteel Metallurgical Corpora- 
tion and described by them as of 99.9 +%, RO; .002% maximum, 
purity. This had been used in several of the preliminary measure- 
ments and had been exposed to four applications of the maximum 
pressure before the measurements recorded here. ‘The other speci- 
men was a single crystal, which I obtained through the courtesy of Dr. 
Irving Langmuir some 25 years ago. It was made by the German 
General Electric Company by prolonged resistance-heating the 
sintered rod in vacuum until it recrystallized into a single crystal, as 
indicated by the reflection pattern from the surface. The original 
diameter was about 0.25 inch. During the recrystallization process 
it had sagged a little from its own weight between the electrodes on 
which it rested. The specimen used above was ground out of this 
crystal so as to be straight. This is the same crystal on which I have 
previously made measurements, in particular of the elastic constants.’ 
This single crystal was measured once to the maximum before the 
measurements recorded in Table I. The table indicates a greater 
experimental irregularity for the single crystal than for the drawn 
rod. The compression of the latter is distinctly less than for the 
crystal, and is sensibly linear in pressure. ‘The single crystal, on the 
other hand, deviates from linearity in the abnormal direction. This 
is doubtless connected with its larger compressibility, and indicates 
the presence of internal inhomogeneities, which is not surprising in 
view of the method of formation. The irregularities for the drawn 
rod followed no definite pattern. For the crystal, on the other hand, 
there was definite hysteresis, and the width of the hysteresis loop was 
about twice as great on the first application of pressure as on the 
second. Furthermore, the hysteresis was in the abnormal direction, 
the shortening being in advance of the pressure instead of lagging 
behind it. The maximum width of the hysteresis loop on the second 
application of pressure was about 2.3 per cent of the maximum dis- 
tortion. The value previously obtained’ for the compression at 
10,000 for the identical crystal corrected for the 1940 value of iron 
was .00317 against .00309 above. The corrected former results also 
indicated a second degree term of abnormal sign. 
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Ruthenium. This was a swaged rod, obtained some 25 years ago 
from Johnson and Mathey of London, and already measured? to 12,000 
kg/cm’. “It was not perfectly regular in appearance, but appeared 
as if there might be seams in it.”” The irregularities in the pressure 
effects were unusually large. There is a hysteresis loop of abnormal 
sense of maximum width equivalent to nearly 6 per cent of the maxi- 
mum distortion. There were large initial irregularities; the initial 
points were discarded in the calculation of the average deviations. 
The relation between volume compression and pressure fails to be 
linear by an unusually large amount in the abnormal direction. 
Previous measurements on the identical specimen to 12,000 yielded 
for the corrected compression at 10,000 .00333 against .00312. Alto- 
gether, the indication is of an abnormally high state of internal strain 
brought about by the increased pressure range. 


Platinum. This was a recent specimen, obtained on loan from 
Baker and Company. It was worked from a casting. The pre- 
liminary treatment was the same as for iridium, already described. 
The deviation pattern indicates a definite hysteresis of the normal 
sign, the maximum width of the loop being 1.2 per cent of the maxi- 
mum distortion. The compression deviates slightly from linearity 
with pressure in the normal direction. The former value® of the 
compression at 10,000 corrected for the 1940 iron and measured on 
another sample over the range to 12,000, was .00355 against .00351 
found now. 


Molybdenum. This was rod, obtained in 1939 from the Fansteel 
Metallurgical Corporation and described by them as of purity 99.9 + 
%, Fe 0.005% Maximum, C none. It had been subjected to several 
preliminary applications of pressure in measurements during the 
development of the apparatus. The pattern of deviation indicates a 
normal hysteresis loop of width 1.2 per cent of the maximum distor- 
tion. The deviation of the compression from linearity with pressure 
is definite and in the normal direction. The former compression!® at 
10,000 corrected for the 1940 iron, and measured on another specimen 
over the range to 12,000 was .00361, against .00357 above. 


Rhodium. ‘This was obtained on loan from Baker and Company 
at the same time as the iridium and platinum. It was annealed and 
had been formed by casting and worked to dimensions by grinding. 
The preliminary treatment was the same as for the other two. The 
pattern of deviation from linearity indicates a very small hysteresis 
in the normal direction of the order of one per cent of the maximum 
distortion, but the loop is pretty well obscured by the other irregu- 
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larities. The deviation from linearity is in the normal direction. 
The former compression" at 10,000 corrected to the 1940 value of 
iron, on a specimen obtained from Johnson Mathey measured over 


the range to 12,000, was .00345 against .00361. 


Tantalum. Measurements were made on two specimens, the first 
obtained from the Fansteel Company in 1939 and said to be of 99.9% 
purity, Fe 0.01% Maximum, C 0.003% Maximum, and the second 
obtained from the same source in 1946 and said to be of slightly 
greater purity, 99.95%. Both had been annealed by the Company. 
This material was rather extensively investigated in the preliminary 
measurements, the pattern of irregularity being pronounced and 
characteristic. The first specimen was subjected to six applications 
of 30,000 and the second to two applications before the final measure- 
ments. Through all these applications there was a persistent hys- 
teresis in the normal direction. ‘The width of the loop on the final 
application was 1.04 per cent of the maximum distortion for the first 
specimen and 0.97 per cent for the second. The loop is so definite 
that the deviations of a single point from the smooth curve given in 
Table I are deviations from the two branches of the loop, instead of 
deviations from the mean curve drawn through the center of the loop, 
as has been the case for the previous metals. The compressions 
listed in Table I are, however, the compressions corresponding to the 
mid-curve of the loop. It will be noticed that the deviation from 
linearity, that is, the second order term in the compression, is less for 
the purer of the two specimens. ‘This specimen had not been so well 
seasoned as the other, however, and its hysteresis loop was definitely 
not completely closed at the lower end. It is probable that the 
second order term of the less pure sample should be given greater 
significance. The former compression’? at 10,000 corrected for the 
1940 Fe, measured on a specimen obtained from Fansteel before 1923 
in the range to 12,000, was .00488 against .00488 and .00485 found 
now. The second-order term of the former specimen had the ab- 
normal sign. 


Cobalt. This crystallizes in the hexagonal system, so that measure- 
ments in two orientations are necessary for complete characterization. 
I was fortunate to obtain from Dr. Bozorth of the Bell Telephone 
Laboratories single-crystal specimens in the two orientations, parallel 
and perpendicular to the hexagonal axis. The original source of the 
material was the Katanga Company. The analysis of this particular 
lot was not taken, but a comparable batch gave Fe 0.05% and Cu 
0.01%. It was heat treated in pure hydrogen just below the melting 
point. Both of these specimens were unusually smooth, without 
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definite hysteresis. This is by far the most satisfactory material of 
any described to this point. The deviation of the volume compres- 
sion from linearity is definite and in the normal direction. The 
linear compressions in the two directions are approximately the same, 
which would be expected since the crystal is a close packed structure 
of spheres. The former volume compression at 10,000 corrected for 
the 1940 iron, and measured in the range to 12,000 on a polycrystalline 
aggregate, was .00528 against .00504 now. 


Nickel. This material in single-crystal form, I also owe to the 
courtesy of Dr. Bozorth. Since it is cubic, measurements in a single 
direction suffice. The original source of the material was the Inter- 
national Nickel Company. The analysis was not stated, but the 
purity is thought to be comparable to that of a single crystal of iron, 
also from Dr. Bozorth, the analysis of which will be stated later. 
Like cobalt it had been heat treated in hydrogen near the melting 
point. A considerable number of measurements were made on this 
specimen since it was evident from the first that there was something 
peculiar about it. It was first pressure seasoned by two applications 
of 30,000. Four sets of measurements to 30,000 were then made in 
the former inadequately sensitive apparatus, then a measurement in 
the final apparatus. No consistency was obtained. The nickel was 
then annealed by heating to a red heat in an evacuated tube for one 
hour and cooled with the furnace. ‘Two measurements to 30,000 were 
then made with the final apparatus, then three seasoning applications 
were made of 30,000 without measurement, and then the final measure- 
ment to 30,000. All the measurements with the final apparatus 
indicated the same thing, a break in direction, or a transition of the 
second kind. The parameters of this second order transition changed 
with successive applications of pressure, the pressure at which the 
discontinuity occurred fluctuating between 10,000 and 20,000 kg/cm’, 
and the amount of discontinuity also fluctuating. On the final 
measurements the magnitude of the discontinuity reached its largest 
value. The experimental points of the last run are shown in Figure 3. 
These correspond to the values given in Table I. The break at 


, ie 0 
10,600 amounts to a discontinuity in 1/v, (*) of 6.9 X 10-8 (kg/cm? 


units) in the direction of an increased compressibility at higher pres- 
sure. The effect of pressure on the electrical resistance of nickel 
should obviously be studied in the same range. Previous measure- 
ments'* have been made in the range to 12,000 on two polycrystalline 
specimens of presumably inferior purity. The corrected compressions 
at 10,000 were .00518 and .00514 against .00479 above. The differ- 
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Figure 3. The experimental values for the differential change of length 
of nickel. The circles are for increasing pressure and the crosses for decreasing. 


ence is extreme and doubtless connected with the second-order transi- 
tion; it has been my experience that such a transition may be sup- 
pressed if the specimen is subject to constraint. 


Palladium. This was obtained on loan from Baker and Company 
in the same batch as the iridium, rhodium, and platinum already 
described. It was worked from a casting and drawn to diameter. 
The individual points lie rather smoothly, without probable hysteresis. 
There is a definite cusp, or transition of the second kind, at 16,500 
kg/cm’, where the volume compressibility, 1/2, (7) , has a discontinu- 

T 
ity of 6.9 X 1078, the compressibility being greater at higher pressures. 
The amount of the discontinuity is by chance the same as for nickel 
and in the same direction. The electrical resistance of palladium has 
not yet been measured in this pressure range. The previous” cor- 
rected compression at 10,000 of a specimen in wire form measured 
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over the 12,000 range was .00507, exactly the same as the present 
value. 


Gold. This was “highest purity’? material obtained a number of 
years ago from Baker and Company. Gold from the same stock has 
been used in many of my calibrations of piezometers to 50,000 and 
100,000. It was formed for the present measurements by cold extru- 
sion from 0.25 inch diameter to 0.20 inch, annealed at red heat, 
pressure-seasoned twice to 30,000, and measured once in the pre- 
liminary piezometer to 30,000 and again in the final piezometer. The 
points lay smoothly but with a consistent hysteresis not expected for 
this soft material. It was reannealed at a red heat, pressure-seasoned 
by three applications of 30,000, and again measured in the final 
piezometer. The previous pattern repeated, the hysteresis being in 
the abnormal direction, and in amount nearly the same as before. 
The width of the hysteresis loop was equal to 0.48 per cent of the 
maximum distortion. The mean deviation from the smooth curve 
given in the table is the deviation from the branches of the loop, not 
from the mean curve through the center of the loop. It will be 
noticed that the individual points lie with unusual smoothness; the 
hysteresis for this specimen is undoubtedly real. The deviation of 
volume compression from linearity in pressure is in the normal direc- 
tion. The previous corrected compression at 10,000 for the 12,000 
range was .00556 against .00558 now. 


Columbium. This was obtained from the Fansteel Company in 
1946, described simply as “special high purity material.” It had 
been annealed by them. It was pressure seasoned to 30,000 twice, 
then measured once in the preliminary piezometer and again in the 
final piezometer to 30,000. The pattern of hysteresis was so dis- 
tinctive that it was annealed again by heating to 900° C. in vacuum, 
pressure-seasoned three times to 30,000 and again measured in the 
final piezometer. The pattern was again much the same as before, with 
a hysteresis loop not of the conventional shape, but the major part of 
the loop was below 15,000 kg/cm’, and above that the loop dragged 
out in a rapidly narrowing tail. The narrowing at the high pressure 
end was somewhat more pronounced after the second annealing and 
seasoning. The hysteresis pattern is so definite and characteristic 
that the results for both increasing and decreasing pressure are 
reproduced in the table. It will be noticed that the hysteresis is in 
the abnormal direction. The deviation from linearity is in the 
normal direction. The smoothness of the individual points, which is 
calculated from the individual branches of the loop, is quite excep- 
tional, by far the best recorded up to this point. The previous!’ 
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corrected compression at 10,000 for the 12,000 range measured on a 
specimen obtained from Fansteel in approximately 1929, was .00559, 
which is between the two values .00569 and .00556 now found for the 
two branches of the loop. 


Iron. Measurements were made on three different specimens. 
The first was American Ingot iron from the same bar as that used in 
all my calibrations and for which the absolute compression has been 
previously determined by another method.’ The particular specimen 
used here had been subjected to two measurements to 30,000 kg/cm? 
before the final measurements recorded in the table. These recorded 
values are identical with the values of the absolute compression already 
given, the various small corrections to the piezometer being deter- 
mined from these measurements so as to give identity. The second 
specimen was a single crystal which I owe to the courtesy of Dr. R. M. 
Bozorth. It is from the same batch as that for which other constants 
have been published by Dr. Bozorth'® and had the analysis: Ni 
0.008%, Si 0.002%, C 0.008%, S 0.001%, Co, Cr, Mo, Mn, O less 
than 0.001%, Cu less than 0.005%. It was subjected to two pre- 
liminary applications of 30,000 before the final measurements. The 
compression measurements on this single crystal gave results com- 
pletely indistinguishable from those with the American Ingot iron, 
so that it is not tabulated separately. The third specimen was a 
“hydrogen purified carbonyl” iron which I owe to the courtesy of Dr. 
R. F. Mehl of the Pittsburgh Institute of Technology. It had been 
heat-treated in hydrogen for 500 hours at 1200° C. A typical analy- 
sis, not on the identical specimen, was Cu and Mn about 0.01%, with 
spectroscopic traces of Si, Mn, Sn, Ni and Al. The preliminary 
seasoning of this was not as elaborate as for the other two specimens, 
consisting only of a single application of 10,000 kg/cm?. The com- 
pression under 30,000 is about 0.5 per cent less than for the two other 
specimens. None of these three specimens showed the slightest 
indication of hysteresis. The exceptional smoothness of the results 
is to be noted. It has already been commented on how fortunate it is 
that the material of which the piezometer is constructed is one which 
shows no irregularities under pressure. The deviation from linearity 
is in the normal direction and about the same in magnitude as that 
of gold. 


Copper. This was electrolytic copper of 99.999 per cent purity, 
which I owe to the courtesy of Dr. A. B. Greniger a number of years 
ago, at that time a member of the Harvard Department of Metallurgy. 
It was subjected to six series of measurements to 30,000, being used in 
the preliminary improvement of the apparatus. Only the last 
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measurement was with the apparatus in the final form, but with the 
next to the last the final form was so nearly attained that nearly full 
significance can be attached to the results. This specimen of copper 
never settled down to smooth single-valued variation with pressure, 
but a definite hysteresis in the normal direction persisted, the width 
of the loop being very nearly the same on the last tworuns. The loop 
was not completely closed at the low pressure end. In the table the 
mean points are shown, for the mid-curve of the loop, but the devia- 
tions from smoothness of the single readings (0.14%) are deviations 
from the branches of the loop. The width of the loop was 1.4 per 
cent of the maximum distortion. The deviation from linearity is in 
the normal direction. The former'’ corrected compression at 10,000 
for less pure Cu in the 12,000 range was .00700 against .00696 now. 


Titanium. This was a piece of the recently produced ‘‘ductile”’ 
titanium, which I owe to the courtesy of the Remington Arms Com- 
pany. It presumably is of materially higher purity than the speci- 
men formerly measured in 1929.'% The specimen was turned to 
dimensions from a rod 0.25 inch in diameter, presumably a drawn rod. 
Titanium is known to crystallize in the hexagonal system, so that a 
full characterization of the compression properties would demand 
two orientations from a single crystal. The axial ratio for this sub- 
stance is given by Wyckoff as 1.60, which is so close to that for the 
hexagonal close packed arrangement of spheres, 1.63, that it is probable 
that the compressibility is nearly equal in the crystallographically 
different directions. The irregularity of the results for this material 
was somewhat greater than usual and great enough to obscure any 
hysteresis. An adequate explanation is failure of the compressibility 
to be completely isotropic because of the hexagonal crystal system. 
The former compression at 10,000 was .00808 against .00900 found 
now. The unusually large difference is doubtless due to inadequate 
purity of the former specimen. 


Silver. This was Baker and Company’s purest silver obtained from 
them a number of years ago. It had been subjected to pressure 
several years ago in the course of exploratory measurements, and 
again in a preliminary apparatus before the final measurements 
recorded in the table. The smoothness of the results is not notable, 
but there was no consistent hysteresis. The deviations from linearity 
are unsymmetrical, the greatest curvature being in the upper half of 
the pressure range instead of the lower half, as is more usual when 
there is any distinction at all. The previous” corrected compression 
at 10,000 on another specimen measured in the 12,000 range was 
.00946 against .00938 now. 
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Silicon. I owe this material to the courtesy of Dr. W. Shockley of 
the Bell Telephone Laboratories, who in turn obtained it as highly 
purified material from the laboratories of the Dupont Company. 
It was subjected to several preliminary applications of 25,000 kg/cm? 
to season. This material probably exhibits some slight hysteresis, 
but it is mostly swamped by the other irregularities, and the devia- 
tions from smoothness have been taken from the mean curve. ‘There 
are no previous measurements on specimens of sufficient purity to 
justify comparison. 


Berylium. Measurements were made on only a single specimen. 
This was a piece of a single crystal, the length being parallel to the 
cleavage plane (perpendicular to the hexagonal axis), and was the 
identical specimen as that measured formerly” in a narrower pressure 
range. Unfortunately the specimen in the perpendicular orientation 
had been broken and no new specimen was available, so that these 
results are only partial. The specimen was subjected to at least one 
preliminary application of 30,000. The pattern of deviation from a 
smooth curve shows definite hysteresis, the width of the loop being 
about 0.8 per cent of the maximum distortion. However, the devia- 
tions were scattered rather less consistently than usual, and the 
deviation from a smooth curve given in the table (0.41%) is the 
deviation from the mid-curve of the loop, not the deviation from the 
branches of the loop separately. The former corrected compression 
at 10,000 for the identical specimen, measured in the 12,000 range, 
was .00270 against .00309. The difference is larger than usual; if 
genuine, it indicates an unusually large effect of increasing the pressure 
range. 


Germanium. This, which was high-purity material of recent man- 
ufacture, I also owe to the courtesy of Dr. W. Shockley. It was 
seasoned by several preliminary applications of 25,000 kg/cm’. 
There is undoubtedly some hysteresis in the normal direction, but 
the irregularities pretty much obscured it, so that no attempt has been 
made to estimate the width of the hysteresis loop, and the deviation 
from smoothness reported in the table is the deviation from the mean 
curve. The previous” value for the corrected compression at 10,000 
measured on a different specimen in the 12,000 range, was .0136 
against .0124 now. The difference is presumably to be ascribed to 
improved purity in the material. 


Aluminum. This was high-purity material obtained a number of 
years ago from the Aluminum Company of America, through the 
courtesy of Dr. Greninger. The analysis was: Al 99.966, Cu .022, Fe 
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005, Si .007. It had been subjected to several previous applications 
of pressure in the course of exploratory measurements some years 
before these measurements. There was some normal hysteresis dis- 
cernible in the deviation, but the pattern was not especially consistent 
and the deviations from smoothness given in the table are calculated 
from the mean curve. The width of the loop was of the order of 0.5 
per cent of the maximum distortion. The previous” corrected com- 
pression at 10,000 measured on another sample in the 12,000 range 
was .01290 against .01312 now. 


Antimony. The origin of the material was Kahlbaum’s high 
purity metal of the early 1920’s. This had been cast into single- 
crystal form and a selection was made of the pieces still extant. 
Unfortunately the parallel orientation formerly measured had been 
fractured and there was none to replace it, the best orientation avail- 
able being with the length at 8° to the axis. Measurements were 
made on two specimens, one of the 8° orientation and the other in the 
90° orientation (axis perpendicular to the length). From the meas- 
ured linear compressions in the perpendicular and 8° orientations the 
compression in the parallel orientation may be readily calculated if it 
is assumed that the specimen acts like a simple linear element with 
thickness vanishingly small compared with the length. The formula 
so obtained is 

Ki; = Kg? a (Kge —_ K1) tan? - 


and this formula was used in computing (A//Ip); as given in the table. 
Actually, however, the specimen is not a linear element, but the 
thickness is about a quarter of the length. There is accordingly a 
change of angle between the ends and the length under the action of 
pressure, causing the specimen to shear over in such a way as to give 
too small an apparent compression. ‘This effect is probably negligibly 
small in the case above, the correction from the 8° to the parallel 
orientation being small as shown in the table, but for higher orienta- 
tions the error may be by no means negligible. A set of measurements 
was actually made on the 49° orientation, and this yielded computed 
values for the parallel compression smaller by about 15 per cent than 
the values of the table. 

The perpendicular orientation displayed no hysteresis pattern. 
The 8° orientation, on the other hand, showed a well marked loop 
with width 1.3 per cent of the maximum distortion. The average 
deviation from a smooth curve given in the table, 0.48 per cent, was 
calculated from the mean curve of the loop; it would have been 
materially less if calculated from the separate branches. The pre- 
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vious“ corrected linear compression at 10,000 kg/cm*, measured on 
similar but not identical material in the 12,000 range, was .00483 for 
the perpendicular orientation and .01439 parallel, against .00468 and 
.01498 (the latter calculated) found now. 

It is to be noted that the falling off of compressibility with increasing 
pressure is much greater for the parallel than for the perpendicular 
orientation. This agrees qualitatively with the former results, the 
former second degree term for the parallel orientation being five times 
as great as for the perpendicular direction. 


Zinc. New specimens were cut from the remaining stock of single 
crystal material supplied me by Professor Tyndall in 1935” of zine of 
unusually high purity, and handled with special care to avoid the 
strains to which single crystal zine is particularly susceptible. The 
compressibility of zinc exhibits a high degree of non-isotropy, the 
initial compressibility in the parallel orientation (cleavage plane 
perpendicular to the length) being 8.5 times as great as in the perpen- 
dicular orientation. Two sets of measurements were made on the 
parallel specimen. ‘The pressure range of the first set was only 15,000 
kg/cm’, higher pressures producing shortening beyond the range of the 
lever. The specimen was then cut in two and a regular run made to 
30,000. The compression at 15,000 on this run agreed within 0.3 
per cent with the first run. This orientation showed hysteresis, the 
width of the loop being 1.6 per cent of the maximum distortion. The 
nature of the loop and the nature of the irregularities was much like 
that formerly found® in the lower range of 12,000. 

The perpendicular orientation (cleavage plane parallel to the length) 
was not so simple, and more measurements were made on it. Two 
specimens were first cut from the same original crystal and subjected 
to the conventional seasoning treatment. Measurement to 30,000 
on the two specimens both gave marked cusps or transitions of the 
second kind, but the character of the deviations from linearity were 
strikingly different, one specimen giving an unusually large increase 
of compressibility with pressure, while the other was normal. Repeti- 
tion on one specimen again gave a pronounced cusp, but now situated 
at 10,000 instead of at 20,000 kg/cm?. Another specimen from 
another crystal was now prepared with unusual care, and measured 
immediately in the virgin condition, without the customary seasoning. 
A second application of 30,000 was then made, and then two sets of 
measurements during the third and fourth application of 30,000. 
This specimen showed no such cusps as the others and the results 
were in fairly close agreement, the extreme difference between differ- 
ent determinations of the linear compression under 30,000 being 0.25 
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per cent. Furthermore, the absolute values of the compression with 
this specimen varied from 2 to 6 per cent less than with the other 
two specimens. ‘This is the direction in which former experience has 
shown that internal strains act. For the final result, the mean of the 
three measurements on the last specimen was used, discarding those 
on the two others. 

These experiments on zinc are instructive in showing that in at 
least some cases irregularity, non-reproducibility, and discontinuities 
(transitions of higher orders) may be the result of internal strains 
and do not necessarily imply impurity. 

The former” corrected results obtained in the 12,000 range for the 
linear compression at 10,000 were .01277 and .00154 for the perpen- 
dicular and parallel orientations respectively against .01277 (identical) 
and .00151 found now. | 


Thorium. This was the identical specimen which was formerly 
measured, obtained in 1926 from Dr. Rentschler of the Westinghouse 
Lamp Company. There was no certain hysteresis pattern; the 
irregularities were mostly confined between 10,000 and 20,000. The 
former corrected compression at 10,000 obtained from measurements 
over the 12,000 range was 0.0170 against 0.0173 now. 


Tin. The same specimens were used that were formerly measured 
in the range to 12,000. Neither orientation showed a distinctive 
hysteresis pattern, and the irregularity was practically the same in 
the two directions. The previous corrected linear compression at 
10,000 was 0.00563 for the perpendicular direction and 0.0632 parallel 
against .00561 and .00621 now. 


Tellurium. The identical specimens were used as in the former?® 
measurements. In the parallel orientation there was definitely 
hysteresis, the width of the loop being 1.5 per cent of the maximum 
distortion. In the perpendicular direction the hysteresis was slight. 
The irregularity, measured from the mean curve, was nearly the same 
for the two orientations. The previous linear compressions at 10,000 
in the perpendicular and parallel directions were 0.0222 and — 0.00315 
respectively, against 0.00214 and — 0.00390 found now. Especially 
to be noticed is the negative linear compressibility of this element 
along the trigonal axis. The deviation from linearity in the pressure 
for this orientation is also noteworthy. 


Alloys and Intermetallic Compounds 


Carboloy No. 999. This grade of carboloy is the hardest made by 
the Carboloy Company, and contains the minimum amount of binder. 
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It is the material which I have used for the pistons of my piezometers 
for reaching 100,000 kg/cm’, the plastic deformation under simple 
compression being a minimum. There was probably some slight 
normal hysteresis, but it was pretty well masked by the general 
irregularity. There is a slight deviation from linearity of the volume 
compression, which is 44 per cent of that of iron. Young’s modulus 
for carboloy is about 33 per cent of that of iron. The volume com- 
pression was calculated, as always, under the assumption of isotropy, 
which is perhaps somewhat questionable in view of the method of 
formation from the powder. 


Carboloy No. 905. ‘This is the next hardest grade after No. 999, 
with somewhat more binder. When used as a piston it shows dis- 
tinctly more plastic flow. The compression is somewhat greater than 
that of No. 999 as might be expected from the greater amount of 
binder (cobalt). A somewhat greater amount of normal hysteresis 
is discernible than for Grade 999. There is a very slight deviation 
from linearity of the volume compression in the abnormal direction. 
There is no reason for supposing that this may not be genuine in view 
of its physical composition as a sintered product. 


Nirex. This alloy is the same as that from which the slide wire of 
the piezometer is made; its composition has already been given. 
Measurements were made of the compression in order to determine 
a small correction in converting piezometer readings to change of 
length. The specimen measured was from an annealed rod 7/32 inch 
in diameter furnished by Driver Harris in response to my special 
request. The lever piezometer was not adapted to measuring the 
compression of the wire actually used in the piezometer. The speci- 
men was seasoned by a preliminary application of 25,000. There was 
slight. hysteresis in the normal direction, mostly masked by the 
irregularities. The compression is slightly less than that of iron, but 
so near to it that the resulting correction is almost negligible. 


Stainless Steel “H 26.’ This stainless steel has the composition: 
C .094, Mn .36, P .023, S .022, Si .35, Cr 12.26, Ni .46, Mo .50, Cu 
N.D._ I owe it to the courtesy of Dr. A. L. Feild of the Rustless Iron 
and Steel Corporation, from whom I obtained it a number of years 
ago. It is the same steel for which data on the effect of pressure in 
modifying the plasticity have already been published.*® There is 
definite hysteresis in the normal direction, the width of the loop being 
0.16 per cent of the maximum distortion. The loop is open at the 
lower end. The deviations from smoothness given in the table are 
deviations from the separate branches of the loop. The mean com- 
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that of pure iron, but the hysteresis characteristics are 


of different thermal treatments. After exposure to 


my conventional way. The specimens were all made 


were then given to the martensite as thus prepared. 


— 321° F. for one hour. The third was tempered 


without preliminary application of pressure in order 


specimens showed marked hysteresis in the normal 


The width of the loop is approximately 1 per cent of 
distortion. The specimen QT is markedly different, 


7,000 kg/cm?. 








It is evident that as far as behavior under hydrostatic pressure 
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pression of this grade of stainless steel is almost exactly the same as 


quite different. 


The deviation from linearity is in the normal direction. 


Martensite. From the metallographical point of view there is con- 
siderable interest in finding whether martensite experiences irreversible 
changes under the action of hydrostatic pressure. Dr. B. L. Averbach 
of the Department of Metallurgy of the Massachusetts Institute of 
Technology furnished me with four different specimens of martensite 


pressure these 


were examined by him by a new method of great sensitiveness to 
find whether there had been permanent alterations in the dimensions. 
Other specimens from the same batch I measured for compression in 


from the same 


1.1 carbon steel. They were all quenched from 1450° F. into iced 
brine, a treatment which is said to ensure practically 100 per cent 
martensite in the end product. Four different further treatments 


The first was 


the null treatment. The second was refrigerated by holding at 


by holding at 


+ 300° F. for one hour, and the fourth was refrigerated as above, 
followed by a tempering as above. ‘These four specimens are desig- 
nated as: Q, QR, QT, QRT. The results for only Q and QRT are 


reproduced in full in the table. These specimens were measured 


to reveal any 


irreversible effects of hydrostatic pressure. None of them showed any 
measurable permanent change of length, a result which was inde- 
pendently confirmed by Dr. Averbach, and which I believe he intends 
to make the subject of a special communication elsewhere. All four 


direction, far 


beyond any possible error or irregularity. The deviations from 
smoothness given in the table are deviations from the two branches 
of the loop. It will be seen that the smoothness compares favorably 
with the best of the previous substances, pure iron. The results for 
specimens Q and QR are practically identical. If anything, the loop 
for QR is a trifle wider and the absolute compression a trifle less. 


the maximum 
the hysteresis 


loop having narrowed to one-half the width. This process is carried 
a little further in QRT, the loop being further narrowed, and also 
altered in shape, the two branches of the loop coalescing up to about 
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goes, tempering has a greater effect than refrigerating. ‘The hysteresis 
is not surprising in view of the fact that martensite is composed of 
tetragonal crystals, so that under hydrostatic pressure the individual 
crystals do not deform uniformly in every direction, with resultant 
development of internal strains. 

Before the measurements recorded above on Dr. Averbach’s 
martensite measurements were made on a specimen of commercial 
drill rod (1.25 per cent C.), quenched and drawn in boiling water. 
The results were similar, except that the hysteresis loop now was 
about twice as wide as for the specimen “Q” above. 


Stainless Steel “H 29.’ The composition of this was: C 0.058, 
Mn 0.70, P 0.030, S 0.013, Si 0.85, Cr 18.51, Ni 8.95, Mo ND, Cu 0.20. 
Otherwise the same remarks’® apply as to “H 26.” There is marked 
hysteresis and the deviations from smoothness given in the table are 
deviations from the branches of the loop. The mean curve is not of 
the conventional simple shape but is gently S shaped. The volume 
compressions of the table refer to the mean curve. The maximum 
width of the loop was 1.16 per cent of the maximum distortion. 


CusAdu. This was a single crystal which I owe to the courtesy of 
Dr. Sidney Siegel who prepared it in the Research Laboratory of the 
Westinghouse Company. It was one of a set of crystals for which he 
determined® the variations of the elastic moduli with temperature. 
It was subjected to several seasoning applications in the course of 
early unsuccessful attempts at measurement, at one time reaching a 
maximum of 30,000 with no permanent change of dimensions, before 
the measurements recorded in Table II. The hysteresis phenomena 
are complicated and unusual. The mean curve is S shaped; the loop 
itself has maximum width at 8,000 and again at 20,000 kg/cm’, 
amounting to 1.0 per cent of the maximum distortion. The loop 
censtricts itself to a wasplike waist of vanishing width at 15,000. 
The deviations from smoothness given in the table are deviations 
from the mean curve. The hysteresis is in the normal direction, but 
the initial departures from linearity are in the abnormal direction. 
There are no previous measurements of compressibility for comparison. 
Dr. Siegel has, however, calculated from the elastic moduli that the 
cubic compressibility at 20° is 6.3 X 10~® (kg/cm? units) against 6.0 
extrapolated to zero from the above. The agreement is good when 
consideration is given to the fact pointed out by Dr. Siegel that the 
calculated compressibility is inaccurate because of the unfavorable 
values of the moduli, S;; being nearly equal to — 2S). 


Au Zn. This was the identical specimen which had been previously** 
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measured to 12,000. ‘There is well developed hysteresis in the normal 
direction. The width of the loop is 1.15 per cent of the maximum 
distortion. The deviations from smoothness given in the table are 
the deviations from the branches of the loop. The deviation from 
linearity, which is in the normal direction, is marked. The previous 
corrected value of compression at 10,000 was .00731 against .00786 
found now. The previous measurements to 12,000 disclosed even 
more marked hysteresis than the present measurements, the width of 
the loop being 3.6 per cent of the distortion at 12,000. 


“Alloy 121.’ This was a single crystal of composition 35% Ni and 
65% Fe which I owe to the kindness of Dr. R. M. Bozorth of the Bell 
Telephone Laboratories; it was prepared by Mr. H. J. Williams. 
There is well developed hysteresis in the normal direction, but the 
loop is not wide, being only 0.49 per cent of the maximum distortion. 
The deviation from smoothness given in the table, 0.26%, is the 
deviation from the mean curve. This deviation is almost entirely 
accounted for by the width of the loop, all the points except one lying 
unusually close to the branches of the loop. The deviation from 
linearity is in the normal direction. It is to be noticed that the 
absolute compression is about 50 per cent greater than would be 
calculated from either component separately. This is highly unusual; 
it is normal for the compressibility of an alloy to be less than that 
calculated by the rule of mixtures from the components. 


Cuz,Sng. This was the identical specimen, No. 4, which was pre- 
viously” measured. In the previous work much variation was found 
in specimens of the material prepared under closely similar conditions. 
Four specimens were previously measured with an initial compressi- 
bility varying from 8.8 to 11.4 X 107’. Of these specimens No. 4 
was the one with minimum hysteresis and maximum regularity. 
There is a marked cusp at 25,000 kg/cm’, : (=) increasing abruptly 

Uo Op 7 
by 8.7 X 10-° (kg/cm® units) at this point. Below this pressure 
there is a well marked, but narrow, hysteresis loop in the normal 
direction of maximum width equal to 0.55 per cent of the maximum 
distortion. The deviation from smoothness given in the table, 0.20 
per cent, is the deviation from the mean curve. The previous cor- 
rected compression at 10,000 was .00933 against .00896 now. Con- 
sidering the character of the material the difference is not surprising. 


Cu Zn. This was the identical specimen used in previous® measure- 
ments to 12,000. The seasoning operation was not adequate, how- 
ever, for the hysteresis, which was in the normal direction, was un- 
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usually large, and furthermore the loop was not closed at the origin. 
The width of the loop at the maximum was 1.7 per cent of the maxi- 
mum distortion, and at the open end at the origin 1.5 per cent. The 
deviations from smoothness given in the table are deviations from the 
branches of the loop. The deviation from linearity is in the normal 
direction, but is not as large as might be expected for a substance of 
this absolute magnitude of compression. This may be connected 
with the abnormal and open hysteresis. The former corrected com- 
pression at 10,000 was .00879 against .00873 now. In the former 
measurements over the 12,000 range the hysteresis was much larger 
than above, the width of the loop being 8.5% of the distortion at 
12,000. The irregularities formerly found in the 12,000 range were 
relatively much larger than found now. 


AgeAl. This is the identical specimen, No. 1, which was formerly** 
measured at 12,000 kg/cm’. There is definite hysteresis in the normal 
direction; the width of the loop is 0.57 per cent of the maximum 
distortion. The deviations from smoothness given in the table are 
deviations from the mean curve. Deviation from linearity is normal. 
The former corrected compression at 10,000 was .00997 against 
.00967 now. Former measurements were made over an interval of 
fifteen months and showed considerable secular ¢hange in this interval. 
The initial measurements disclosed a break in the tangent between 
5,000 and 6,000; there is now no trace of such a break in the range 


to 30,000. 


Cu;Zng. (Gamma Brass) I owe this to the kindness of Dr. Cyril 
Smith of the Institute for the Study of Metals of the University of 
Chicago. The specimen was cut from a larger specimen destined for 
a study of the effect of hydrostatic pressure on plasticity in tension. 
The results of this study will be reported elsewhere. There is small 
hysteresis in the normal direction. The deviations from smoothness 
given in the table are deviations from the mean curve; the deviation 
calculated from the branches of the loop is about one-half as great. 
Deviation from linearity is in the normal direction. The previous® 
corrected compression at 10,000 on another specimen measured over 
the 12,000 range was .00970 against .01020 now. 


AgZn. This was the same specimen as previously** measured to 
12,000. There is definite hysteresis in the normal direction, the width 
of the loop being 0.87 per cent of the maximum distortion. The 
deviations from smoothness reported in the table are deviations from 
the mean curve. Deviation from linearity is in the normal direction. 
The former corrected compression at 10,000 was .01024 against 
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.00991 now. The former measurements in the 12,000 range disclosed 
much greater irregularities than found now. Part of the difference is 
doubtless due to slow secular changes in the material as well as the 
difference of pressure range. 


Ag;Zng. This was the same specimen as formerly*’ measured to 
12,000. There is no certain hysteresis. However, half the total 
deviation from smoothness was contributed by the two points at 
9,000 and 5,000 on decreasing pressure. These deviated from the 
smooth curve in the direction of normal hysteresis. Deviation from 
linearity is normal. The former corrected compression at 10,000 was 
01072 against .01036 now. ‘The former measurements showed dis- 
tinct hysteresis, but on the whole the irregularities were much less 
than for most of this class of substances. 


CusCds. This specimen was formerly**® measured to 12,000. There 
is no certain hysteresis. It is not at all improbable that there is a 
cusp with increase of compressibility near 17,000 kg/cm’. However, 
this interpretation depends almost entirely on the evidence of one 
point, so that I have preferred to smooth the results right over the 
possible cusp. Should the cusp exist, the effect on the actual relative 
volume would not produce a difference anywhere of more than 0.00020 
compared with the figures given in the table. The former corrected 
compression at 10,000 was .0137 against .0122 now. The difference 
is larger than usual. 


Sb.Tl;. This was the same specimen that had been previously*® 
measured to 12,000. The hysteresis was not marked and the regu- 
larity was on the whole greater than usual. The previous corrected 
compression at 10,000 was 0.0296 against 0.0267 now In the former 
range of 12,000 the regularity of the measurements was also greater 
than usual. 


SbSn. The same specimen was used as in the former* measure- 
ments to 12,000. There was no obvious hysteresis pattern and the 
results were in no way noteworthy. The former corrected compres- 
sion at 10,000 was 0.0202 against 0.0198 now. The former measure- 
ments in the range to 12,000 were smoother than usual. 


Minerals 


A. Minerals Crystallizing in the Cubic System 


Garnet. This specimen has been previously*! measured to 12,000. 
There is small hysteresis in the normal direction; the width of the loop 
is 0.62 per cent of the maximum distortion. The deviations from 
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smoothness in the table are deviations from the mean curve. The 
former corrected compression at 10,000 was 0.00538 against 0.00529 
now. 


Mg O. This was a water-clear single crystal. It had been pre- 
viously*” measured to 12,000. There is distinct hysteresis in the 
normal direction; the width of the loop is 0.89 per cent of the maxi- 
mum distortion. ‘The deviation from smoothness given in the table, 
0.18 per cent, is the deviation from the mean curve. The points lie 
with unusual smoothness on the branches of the loop, and if the 
deviations had been calculated from the two branches instead of the 
mean, a smoothness equal to that of the best of the former specimens 
would have been found. The former corrected compression at 
10,000 was .00579 against .00571 now. Various small irregularities 
were formerly found in the range to 12,000 which were ascribed to a 
failure of a “perfect state of ease.”’ These effects are here diminished 
by seasoning through a wider pressure range, which seems natural. 


Magnetite. This was the larger of two pieces formerly*? measured 
to 12,000. There is perhaps just perceptible hysteresis in the normal 
direction, but it is too small to attempt to estimate numerically. 
mr ; . a.” , 1 / ow 
There is a cusp at 22,500 kg/cm? with increase of — (=) by 

Vo P T 
2.8 X 10-* (kg/cm? units). The former corrected compression at 
10,000, measured on two pieces stacked together, was .00532 against 
.00564 now. 


Andradite. ‘This has been previously*! measured to 12,000. There 

, —— 1 / Ov , 

is a cusp at 22,500 with increase of — — (<*) by 1.09 X 1077 (kg/cm? 
vo P T 

units), an unusually large change, which amounts to about one sixth 


of the total J (* 
vo \Op 


repetition of the measurements both with increasing and decreasing 
pressure over the region of the cusp. Furthermore, there is hysteresis 
in the normal direction, the width of the loop amounting to 0.66 per 
cent of the total distortion. On repetition the points fell on the same 
loop as with the first measurement, thus checking the genuineness of 
the hysteresis and the adequacy of the seasoning. The previous 
corrected compression at 10,000 was .00653 against .00636 now. 


) . The existence of the cusp was checked by 


Pyrite. This was the second of two specimens which had been 
previously“ measured to 12,000. There is hysteresis somewhat con- 
fused by the irregularity of the points. The width of the loop is of 
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the order of 0.50 per cent of the maximum distortion. The deviations 
from a smooth curve given in the table are deviations from the mean 
curve. The previously measured corrected compression of this 
specimen at 10,000 was .00662 against .00645 now. 


Cobaltite. This had been previously* measured to 12,000. There 


are two cusps. At the lower, at 9,500 kg/cm’, — - (<*) increases 

0 T 
discontinuously by 6.8 < 10~® (kg/cm? units), and at the second, at 
18,500, it decreases discontinuously by 1.12 X 10-7. Between the 
two cusps the readings with increasing and decreasing pressure differ 
by 1.39 per cent of the maximum distortion. The difference between 
the increasing and decreasing readings is in the direction to correspond 
to a normal hysteresis. There is not, however, a proper loop, but 
the difference is nearly constant over the range. The deviations from 
smoothness given in the table are calculated on the mean curve. The 
previous corrected compression at 10,000 was .00739 against .00702 
now. No cusp was previously found; this may well be an effect of 
the difference of range. 


Fluorite. This was previously** measured to 12,000. Any hystere- 
sis is somewhat obscured by the general irregularity of the points. 
What hysteresis there is, is in the normal direction, and the width of 
the loop is of the order of 0.4 per cent of the maximum distortion. 
The deviations from smoothness given in the table are calculated from 
the mean curve. The previous corrected compression at 10,000 was 
01148 against .01147 now. The agreement is fortuitous. 


LiF. This was a water-clear single crystal prepared in this labora- 
tory a number of years ago by Dr. E. G. Schneider, and was the same 
specimen that was previously“ measured in the 12,000 range. There 
was no definite hysteresis. The previous corrected compression at 
10,000 was 0.0143 against 0.0141 now. 


Galena. (PbS). This was the same specimen as_previously* 
measured to 12,000. Galena has already been found® to have a 
transition in the neighborhood of 25,000. This transition was again 
found here, so that the measurements above 25,000 were without 
special significance. This transition is apparently one of those which 
run without drastic rearrangement of the lattice, the original lattice 
being recovered after the reverse transition runs. This was suggested 
by there being no permanent change of length, by the approximate 
coincidence of the pressure points with increasing and decreasing 
pressure after the occurrence of the transition, and by the unaltered 
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appearance of the specimen, in which the reflection pattern was un- 
usually prominently developed. As a further check, the specimen was 
destroyed after the measurements by cleaving it, to find whether 
there had in fact been any change in the actual cleavage. It was 
found that in fact the location of the cleavage plane was unchanged, 
thus checking the above characterization of the transition. But in 
making the cleavage, a small inclusion of some white foreign substance 
was found, which was entirely unsuspected from the unusually sound 
appearance of the exterior. This inclusion doubtless introduces 
some error, probably small, into the absolute value for the compres- 
sion, and more importantly is probably responsible for the unusually 
large irregularity in the results. Any conventional hysteresis was 
masked by the irregularities. The former value for the corrected 
compression at 10,000 was 0.0178 against 0.0179 now. In the former 
measurements the specimen was presumably virgin, not having 
experienced the transition. At least it had not experienced it in the 
laboratory, and the pressure of the transition would demand a depth 
of origin in the earth such that it probably had not occurred in nature. 


B. Non-Cubic Mineral: 

Al,03 (Sapphire). This was new synthetic material which I owe to 
the courtesy of the Linde Air Products Co. The specimens were cut 
from single rods, grown by their well-known method. Two orienta- 
tions were measured, one with the c axis at 90° to the length, and the 
other with the c¢ axis at 10° to the length. It would have been desir- 
able if the 0° orientation could have been measured, but low orienta- 
tions do not often occur, and considerable search was necessary to 
find a suitable specimen with orientation as low as 10°. In addition 
to the control on orientation, the specimens were selected for freedom 
from internal flaws, which usually take the form of minute bubbles. 
The rods were subjected to examination with a low-power microscope 
and specimens found which appeared almost completely free from 
imperfections. After selection, they were centerless ground in order 
that the external surface should be cylindrical. 

Six sets of measurements were made on the 90° orientation and two 
on the 10°—more than on most substances. The results given in the 
table are means of all the runs, each run being weighted inversely 
according to the average deviation of its single points from a smooth 
curve. The material showed no tendency to settle down to a smooth 
final behavior, but the irregularities persisted through all the runs. 
This is no doubt a consequence of imperfect homogeneity. It has 
already been found** that the mechanical strength of this material is 
subject to wide and capricious variation. Although the former 
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material was not as carefully selected as this and complete freedom 
from visual flaws was not attained, there is no reason to think that 
complete freedom from flaws of every scale was attained with the 
present specimens. 

It will be noticed that the linear compression is very nearly the same 
in the two orientations. The formulas are well known for calculating 
the compression in the 0° orientation from the compressions at 90° 
and 10°. The correction from 10° to 0° is very small, being at most 
unity in the next place of decimals beyond the last listed in the table. 
From the linear compressions at 90° and 0° the volume compression 
was computed. 

The deviations from linearity are small and in the normal direction. 
Within experimental error, the linear compression in the two orienta- 
tions was a quadratic function of pressure. 

Al,O; has been previously4? measured to 12,000. The former 
specimens were cut from a large boule which was unusually free from 
the large internal strains which make nearly all boules fracture 
spontaneously when cut. The former specimen showed marked 
anomalies below 12,000. In the 0° orientation there were marked 
cusps at room temperature and 75°, and in the 90° orientation a less 
well marked cusp at 75°. These small effects are with high proba- 
bility the results of small internal strains. The absolute compression 
found before was not greatly different from that found now. The 
linear compression at 10,000 kg/cm? found formerly for the 0° orienta- 
tion was 0.00111 against 0.00118 found now, and for the 90° orienta- 
tion 0.00104 found formerly against 0.00119 found now. The present 
results, because of the freedom from marked anomalies, are certainly 
to be preferred to the former values as being closer to the probable 
values for the perfect Al,O3 lattice. 


Beryl. This has been previously*! measured to 12,000 in the 
parallel and perpendicular orientations. There is definite hysteresis 
in the normal direction for both orientations, the width of the loop 
being 1.2 per cent of the total distortion for the parallel orientation, 
and 1.4 per cent perpendicular. The individual points lie with great 
smoothness on the two branches of the loops, the deviations from 
smoothness given in the table are the deviations from the mean curve; 
the deviations from the branches of the loop could be about one 
quarter as much. The corrected changes of length at 10,000 formerly 
found were 0.00202 and 0.00161 for the parallel and perpendicular 
orientation respectively, against 0.00199 and 0.00155 found now. 

Note the abnormal increase of compressibility in the perpendicular 
orientation. 
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Topaz. This crystallizes in the orthorhombic system, so that three 
specimens at right angles to each other are required. The same 
specimens were used that had been previously*’ measured to 12,000. 

All three orientations showed a cusp at 26,000 kg/cm? with discon- 
tinuous decrease of linear compressibility, — ; =) . This discon- 

‘0 T 

tinuous decrease was 1.55 X 10-8 for the A orientation, 1.68 « 107-8 
for the B, and 1.96 * 10-8 for the C. It could not be maintained, I 
think, that these differences are significant, and that the discontinuity 
is not really the same within experimental error for the three orienta- 
tions. It is to be remarked that the state of affairs is here entirely 
unlike that of NiSO, 6H.O, for example, in which there is a very 
marked cusp in one direction but none at right angles to it.‘ 

Below the cusp, the A and C orientations show hysteresis in the 
normal direction which is doubtless beyond experimental error, but 
the B orientation shows nothing which is not masked by the irregu- 
larity of the points. The loops for the A and C orientations are 
closed at the origin, but open at the cusp end. The maximum width 
of the loops was 0.75 and 0.50 per cent of the total distortion respec- 
tively. The deviation from smoothness given in the table is in all 
cases the deviation from the mean curve. 

The former corrected values for the linear compression at 10,000 
kg/cm? for the A, B, and C orientations are 0.00211, 0.00145, and 
0.00228, respectively, against the former values 0.00210, 0.00144, and 
0.00217. It is to be considered whether the alteration in the value 
for C is the result of the greater pressure range and a permanent 
change on passing through the cusp. 


Spodumene. This mineral has been previously*! measured to 
12,000. It crystallizes in the monoclinic system, so that four orienta- 
tions are required to completely determine the effect of hydrostatic 
pressure. The 6 and the Y orientations both show hysteresis in the 
normal direction, but the loop is so obscured by the irregularity that 
I did not think it worth while to attempt to estimate its width. In 
the ¢ orientation there is no evident hysteresis, and the points are of 
an unusual regularity. In the a orientation the loop width is 0.8 per 
cent of the maximum distortion. The deviation of the individual 
points from the branches of the loop is 0.09 per cent, as against 0.37 
per cent when measured from the mean curve. 

In calculating the volume change given in the table it was assumed 
that this could be computed with sufficient precision from the 8, c, 
and Y orientation by the formulas applicable to orthorhombic crystals. 
The corrected linear compressions at 10,000 kg/cm? formerly found for 
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the a, b, c, and Y orientations were 0.00177, 0.00242, 0.00197, and 
0.00239 respectively against 0.00176, 0.00252, 0.00189, and 0.00225 
found now. Formerly the Y orientation showed the greatest devia- 
tion from linearity (in the normal direction) ; now it is the 6 orientation. 


Tourmaline. The same two specimens of black tourmaline were 
used as in the former*! measurements to 12,000; these were parallel 
and perpendicular to the trigonal axis. ‘There were small abnormali- 
ties in the behavior of this material in both orientations. In the 
parallel orientation there is no conventional hysteresis, but a literal 
acceptance of the irregularities indicates a saw-tooth pattern in the 
deviations from a smooth curve, there being four episodes between 
atmospheric pressure and 30,000. The amplitude of these excursions 
is small, however, the average deviation from the smooth curve 
drawn through the midst of the experimental points being only 0.6 
percent. In the perpendicular orientation there is definite hysteresis, 
the width of the loop being 2.3 per cent of the maximum distortion. 
The individual points, unlike the parallel orientation, lie smoothly on 
one or the other branch of the loop, with a mean deviation from the 
branches of the loop of 0.18 per cent, whereas the average deviation 
from the mean curve through the loop is 0.6 per cent. The shape of 
the loop differs somewhat from the canonical, the maximum width of 
the loop being near 20,000, with a drawn-out tail at the low-pressure 
end. 


The former corrected compressions at 10,000 for the parallel and 
perpendicular orientation were 0.00465 and 0.00158 respectively 
against 0.00484 and 0.00185 found now. 


Apatite. This crystallizes in the hexagonal system, so that two 
orientations are necessary. The same parallel and perpendicular 
specimens were measured here that were formerly*! measured. In the 
perpendicular direction the hysteresis phenomena are normal, the 
width of the loop being 0.77 per cent of the maximum distortion. 
The hysteresis is not well marked above 20,000. In the parallel 
direction the hysteresis loop is distinctly S-shaped, so that the devia- 
tion from linearity is abnormal and cannot be reproduced by a quad- 
ratic expression. The width of the loop at the maximum for this 
orientation is 1.52 per cent of the maximum distortion. The devia- 
tions from smoothness given in the table for both orientations are 
deviations from the mean curves. The former measurements gave 
for the corrected linear compressions at 10,000 kg/cm? for the parallel 
and perpendicular orientations 0.00241 and 0.00396 against 0.00240 
and 0.00398 respectively found now. Both sets of measurements 
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agree in giving an abnormally small deviation from linearity to the 
parallel orientation. 


Mica. The results for this are only rough. The chief interest in 
attempting the measurements at all was to know the order of magni- 
tude of the corrections introduced by the compression of the mica 
insulation in various pieces of my high pressure apparatus. Mica is 
monoclinic, so that, in principle, specimens should have been measured 
in four orientations. Because of the very pronounced cleavage it 
would have been exceedingly difficult to cut and handle all these 
orientations and I contented myself with measuring the linear com- 
pression in a single orientation cut parallel to the main cleavage plane 
at an undetermined angle in that plane and also the mean volume 
compression to 40,000 kg/cm? in the apparatus described in a previous 
paper.*® The precise variety of mica was not known; the specimen 
was cut from a nugget from the University Museum about 2 cm. 
in diameter and 1 cm. thick, with a distorted hexagonal cross-section 
evidently corresponding to the outline of a single crystal. The thin 
sheets were nearly perfectly transparent, of a light brown cast. 

The linear compression measurements on the orientation parallel 
to the cleavage plane disclosed an unusually well marked cusp at 
19,500 kg/cm’, with an abrupt drop in — -(=) of approximately 

ly) \dp/, ; 
8 X 10-8. Below the cusp there is also marked hysteresis in the 
normal direction, the width of the loop being 2.2 per cent of the 
maximum distortion. 

If it is assumed that the linear compression is approximately the 
same for all orientations in the cleavage plane, it may be calculated 
that the linear compressibility perpendicular to the cleavage plane is 
approximately twice as great as in the plane. This is the direction of 
variation to be expected. 


Celestite. This has been previously* measured to 12,000. It be- 
longs to the orthorhombic system, so that three orientations are 
required. The a orientation shows irregularity and _ hysteresis 
below 15,000, but is perfectly smooth above. The 6 and ¢ orientation 
show hysteresis in the normal direction, normally distributed over 
the entire pressure range. The width of the loop for the 6 orientation 
was 0.52 per cent of the maximum distortion, and that of the c 
orientation 0.38 per cent. The deviations from smoothness given 
in the table are deviations from the mean curve. The former 
values for the corrected linear compression at 10,000 kg/cm? were 
0.00596, 0.00425, and 0.00440 for the a, b, and ¢ orientations respec- 
tively against 0.00588, 0.00418, and 0.00423 found now. The present 
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results agree with the former ones in giving the greater departure from 
linearity (normal direction) to the 6 orientation. 


Barite. This is orthorhombic, so that three orientations are 
required. It has been previously measured* to 12,000. Of the former 
specimens only that in the 4 orientation was available, so that it was 
necessary to cut new specimens from other crystals. In the cutting 
some confusion arose with regard to orientation, so that more speci- 
mens were measured to 30,000 than would otherwise have been 
necessary. Six specimens were measured; these comprised the 
original A orientation, the 4, B, and C orientations from the same new 
crystal, described by Professor Frondel to whose kindness I owe it as 
the best barite crystal he had ever seen, and two other specimens in 
the B orientation from two other crystals. The orientations were 
checked by Professor Frondel after the measurements. In Table IV 
the results are shown for the three orientations all cut from the same 
good new crystal. This showed no hysteresis. The former corrected 
compressions at 10,000 for the 4, B, and C orientations were 0.00461, 
0.00630, and 0.00532 respectively against 0.00478, 0.00634, and 
0.00498 found now. The new result at 10,000 on the identical former 
A specimen was 0.00465 against 0.00461, thus checking the method. 
The outstanding differences are therefore to be ascribed to variation 
of the material from crystal to crystal. The two other B specimens 
from two other crystals gave at 10,000 and 30,000 0.00674 and 0.00656 
and 0.01778 and 0.01745 respectively. The extreme variation at any 
pressure to be ascribed to the material is about 6 per cent. The 
deviation of the linear compression from linearity in the pressure is 
about three times as great in the 4 direction as in C. 


Hanksite. This mineral is described in Dana as belonging to the 
hexagonal system, with the composition 9Na2SO4.2NaeCO;. KCl. The 
same specimen in the perpendicular orientation was used as in the 
former*! measurements to 12,000; the parallel orientation was a new 
specimen cut from the original crystal. In neither orientation was 
there marked hysteresis, but the scattering of the points was greater 
than usual in the parallel orientation. The previous corrected com- 
pressions at 10,000 were 0.01040 and 0.00574 for the parallel and 
perpendicular directions respectively against 0.01020 and 0.00738 
now. The discrepancy in the perpendicular direction is not obviously 
explainable and would suggest a blunder somewhere. There were a 
few minor flaws in the specimen, but nothing large enough to account 
for any such difference. 


(Quartz. The same two specimens were used as in the former*! 
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measurements to 12,000 of 1924-25. Neither orientation showed 
definite hysteresis. The former corrected compressions at 10,000 for 
the parallel and perpendicular orientations were respectively 0.00644 
and 0.00901 against 0.00642 and 0.00909 now. 


Organic Crystals 


Finally, results are given for three organic crystals, only one with a 
complete set of orientations. Many organic crystals are soluble in 
the ordinary pressure transmitting medium, so that special methods 
have to be employed. The three measured here do not suffer from 
this difficulty and were such that they could be easily measured with 
the apparatus at hand. In general, the absolute values of the com- 
pressions of organic substances may be expected to be materially 
greater than that of the other substances of this paper, and the de- 
parture from linearity correspondingly greater. 


Sucrose. (Cane Sugar). This crystallizes in the monoclinic 
system, requiring four compression specimens. ‘The same specimens 
were used as in the previous*? measurements to 12,000. There is 
nothing particularly noteworthy about the results. No direction 
exhibited definite hysteresis, and the deviation from a smooth curve 
was normal enough. ‘The previous corrected compressions at 10,000 
were 0.0257, 0.0119, 0.0183, and 0.0241 for the a, b, c, and Y directions 
respectively, against 0.0258, 0.0120, 0.0187, and 0.0254 found now. 
The volume decrement listed in Table V was calculated from the 
linear compression in the b, c, and ¥ directions. 


TABLE V 


COMPRESSION OF ORGANIC SINGLE CRYSTALS 



































Sucrose | Rhamnose Garente 
Lactose 
Pressure 
kg/cm? Al\ | (+) (*) (~ | av (> | Al Al 
loJa} \wJo| \woJc|\\bJ¥| Vo bJa| \bJc| \bJb 
5,000 .01420; .00662) .01052|} .01469) .03151| .01621; .00600| .01586 
10,000 .02581) .01202;) .01873) .02542) .05518| .02968) .01047| .02784 
15,000 .03435; .01677| .02516| .03426, .07434| .04102) .01416) .03753 
20,000 .04149) .02097| .03087; .04170; .09074| .05036;) .01692| .04588 
25,000 .04814| .02480) .03618) .04838) .10552|; .05888) .01806;) .05411 
30,000 .05323; .02831| .04084| .05443) .11866) .06598) .02052) .05870 
Deviation 0.34 0.49 0.43 0.39 0.71 0.92 0.48 























Rhamnose. This is also monoclinic, requiring four orientations, but 
only two of the former” specimens were still available, those in the a 
and ¢ directions. In the a orientation there was definite hysteresis mn 
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the normal direction, the maximum width of the loop being 1.43 per 
cent of the maximum distortion. In the ¢ direction there was no 
definite hysteresis. The previous corrected compressions at 10,000 
were (0.02921 and 0.01041 for the a and c¢ orientations respectively, 
against 0.02968 and 0.01047 found now. 


Gulonic Lactose. This is orthorhombic. Of the three former’! 
specimens only that in the } direction was now available. There is 
no definite hysteresis. The former corrected compression at 10,000 
for this orientation was 0.0268 against 0.0278 now. The deviation 
from linearity of this substance is unusually large. 


SUMMARY AND DISCUSSION 


A chief result of the extension of precise and sensitive measure- 
ments of compressions to 30,000 kg/cm? has been a change in my 
physical intuition of what to expect. It must still, I think, be accepted 
as inherently probable that a truly homogeneous substance exposed 
to a truly hydrostatic pressure can only respond in a smooth fashion, 
without permanent alteration of dimensions after release of pressure 
and without hysteresis, and in general with a strain which is a single- 
value function of pressure. The new insight is that as a matter of 
fact such completely homogeneous materials are not easy to find, but 
the majority of substances contain imperfections of one sort or another, 
perhaps as imperfections of the pure lattice, perhaps as chemical 
inhomogeneities between the grains, which give rise to small-scale 
capricious irregularities in their response to pressure in addition to a 
more or less consistent small-scale hysteresis. The development of 
such a response would be expected to be more marked the greater the 
pressure range and the greater the perfection of the measurements. 
Both of these factors doubtless conspire to make the effects so much 
more noticeable in the present range of 30,000 kg/cm? than in the 
former range of 12,000. 

Acceptance of this point of view demands consideration of one 
important factor, namely whether the irregularities may not be due 
to a failure of the pressure to be adequately hydrostatic in the new 
range because of the very rapidly increasing viscosity under pressure 
which liquids, especially those with complicated structures, are 
known to exhibit. A satisfactory answer to this question is possible 
only now that a quantitative measurement has been made of the 
viscosity of the transmitting liquid, a mixture of n- and i-pentane, .up 
to 30,000. The results of these measurements, together with those 
on other liquids, are being published in another number of these 
Proceedings. It was found that the absolute viscosity of i-pentane 
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at room temperature at 30,000 kg/cm? is about 170 poises. This is 
about four times the viscosity of glycerine under ordinary circum- 
stances. In view of the slowness with which changes of pressure are 
produced, about five minutes being consumed in pumping to the 
final pressure, and the very low corresponding flow velocities in the 
transmitting liquid which arise only from the volume compression, I 
believe that any failure of pressure to be truly hydrostatic can now 
be confidently ruled out as a pertinent factor. 

The nature of the hysteresis requires comment. Under normal 
conditions “hysteresis” by its very derivation signifies a lagging of 
the effect behind the cause. Under our conditions this would mean 
that with increasing pressure the decrement of length for a fixed 
pressure would be numerically less than the decrement under the 
same decreasing pressure. Although this sort of relationship appears 
most natural, and is what has been called ‘‘normal”’ above, there is no 
necessity for it, particularly in those cases where the analysis of the 
phenomenon into a “cause” and an “effect” is not inevitable. The 
only necessity would seem to inhere in those situations in which 
energy relations are involved. Hysteresis may involve an expendi- 
ture of energy, and if the coordinates are properly chosen, the area of 
the hysteresis loop may represent the energy involved in a cycle. 
Since we are supposing that a steady state is involved, the energy is 
thermal and the cycle must be dissipative by the second law of ther- 
modynamics. Therefore, if in the steady state there is hysteresis 
between the volume and the pressure, the sense of the hysteresis loop 
must be “normal.” There is, however, no necessity that hysteresis 
between /ength and pressure should have the normal sense, and in the 
measurements above, at least four examples were found of an ab- 
normal sense: single crystal tungsten, ruthenium, gold, and columbium. 
Even in these cases, however, the volume hysteresis must have had 
the normal sign, so that one can draw the conclusion that these four 
metals were not isotropically deformed by hydrostatic pressure, but 
that the hysteresis of the transverse dimensions must have been in 
the other sense and sufficient to at least compensate the longitudinal 
hysteresis. 

In addition to the irregularities and hysteresis a number of the 
substances showed cusps or transitions of ‘‘the second kind” in the 
notation of Ehrenfest. These I think must be accepted as an entirely 
different sort of thing, truly characteristic of the material. The 
substances which showed these cusps were: nickel, palladium, Cus;Sng, 
magnetite, andradite, cobaltite, topaz, and mica. The explanation 
of these cusps is a task for the theoretical physicist. It is natural to 
suspect some magnetic effect in the case of nickel and magnetite. In 
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developing the theory for noncubic crystals it is important that we 
now have examples both where the discontinuity of derivative is 
confined to a single direction and where it affects all directions. 

It has already been intimated that the irregularities and hysteresis 
obscure the deviations from linearity that must be supposed to 
characterize the ideally homogeneous material. In the case of 
substances with a normal hysteresis loop of the typical lens shape, the 
best that can be done is doubtless to use the mid-curve of the loop 
as characterizing the homogeneous material. It seems probable that 
there is not much danger in doing this. But in the few cases where 
the loop has some non-typical shape, the best procedure is not obvious. 
It is to be remarked that embarrassment from this arises in compara- 
tively few cases. Serious uncertainty arises only in the case of 
materials like some of those examined in this paper in which the 
deviations from linearity are small because of the absolutely small 
values of compressibility, and in which irregularities due to inhomo- 
geneities are comparatively large because of the mechanical hardness 
that usually accompanies incompressibility. Even for these materials 
the hysteresis loop has the typical lens shape in most cases. The 
great majority of substances are like those which have been examined 
in previous papers, in which the compressibilities are higher, the 
deviations from linearity greater, and the capricious irregularity and 
hysteresis so much less comparatively, because of the greater mechani- 
cal softness, as to occasion little uncertainty as to the correct values 
for the higher order terms in the compression. 

I am indebted to Mr. Charles Chase for the construction of the 
new lever piezometer and to Mr. L. H. Abbot for setting up the 
apparatus and making the readings. 


LyMAN LABORATORY OF PHYSICS 
Harvard University, Cambridge, Mass. 
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